Abstract-Time-dependent, two-dimensional simulations based on random Voronoi networks have been developed to study the internal heating and related breakdown effects in ZnO varistors in response to high-voltage pulsing. Our simulations allow for dynamic predictions of internal failures and the progression of hot-spots and thermal stresses. Results show that application of high voltage pulses can lead to the attainment of Bi 2 O 3 melting temperatures in the grain boundaries and an accelerated progression towards failure. It is argued that reduction in grain size would help lower the maximum internal stress and enhance the hold-off voltage for a given sample size.
I. INTRODUCTION
Zinc oxide varistors are ceramic devices made by sintering ZnO powder together with small amounts of other oxide additives such as Bi 2 O 3 , MnO 2 , Co 3 O 4 etc. The resulting structure is granular, with a distribution of internal grain sizes. The average grain volume depends on the processing conditions. The presence of Bi-ions trapped at the grainboundaries is thought to be responsible for a highly nonlinear current-voltage (I-V) characteristics. Empirically I ~ V a , where a can be 50 or higher, and these devices have excellent current/energy absorption capabilities, ideally suited for use in electrical surge arresters [1] [2] [3] [4] .
It is also known that not all grain boundaries exhibit nonlinear electrical properties. Ohmic or nearly Ohmic behavior of grain boundaries has also been observed in various micro-contact measurements [5] [6] [7] [8] [9] . Thus, a mixture of "good" (i.e. highly non-linear double Schottky junctions), "bad" (i.e. junction with poor non-linearity) and Ohmic grain boundaries would be more representative [10] [11] [12] [13] . Thus, the true representation of ZnO varistors is perhaps best described as a highly non-uniform, granular microstructure containing a large number of multi-junction diodes with differing barrier breakdown voltages, connected in a random, three-dimensional, electrical network [10] .
In this contribution, we present a coupled electro-thermal analyses to determine the voltage driven temperature increases and possible impact on material failure in a ZnO varistor. A two-dimensional, random Voronoi network model has been used. The inherently non-linear internal I-V characteristics have been included. A stochastic distribution of grains with varying sizes and barrier breakdown voltages has also been taken into account. The model is timedependent and includes a two-dimensional heat generation and flow. Issues relating to internal heating analyses, timedependent localized melting, cracking due to thermal stresses, and the dynamical evolution towards failure is addressed.
II. MODELING DETAILS

A. Microstructure model for ZnO varistor
In order to include the stochastic granular aspects, the polycrystalline material has been modeled in terms of a random, two-dimensional, Voronoi [14] network as shown in Fig. 1 . The grains are represented by the space-filling Voronoi polygons of different sizes and shapes. Also, each grain has a randomly varying number of neighbors. As an example, in Fig. 1 a total of 986 grains have been used. In the present calculations the internal voltage drop within each cell was represented by a low resistivity, and the nonlinear current-voltage (I-V) characteristic of each GB considered in terms of a much larger resistance. 
B. Currents and Joule heating in ZnO varistors
In ZnO varistors, the dominant resistance arises from the GB, while each grain has a significantly lower resistance by comparison. Each grain was assumed to be a conductor, and only the non-linear current-voltage characteristic of each GB were considered. The following J-V characteristics (after [15] ) were used to model each GB:
exp ,
, (1) where J ij denotes the current density between grains i and j in A/cm 2 
Finally, V U is the critical upturn voltage in the high electrical field region,
, where J U is the critical upturn current in high electrical field region [15] .
Here J U was chosen to be 10 3 A/cm 2 . The other parameters in (1) 
where l ij is the length of the common side between adjacent grains, d ij is the distance between the centers of the two adjacent grains, T j the average temperature of the adjacent grain j, and k T the thermal conductivity of ZnO varistors taken to be: 
where S i denotes the area of the grain i, and C p is the thermal capacity of ZnO ceramics taken to be:
If the temperatures between two adjacent grains (say i and j) are unequal, then a thermal stress f ij develops between them [16] . The expression for f ij is given by:
where E is the Young's modulus taken to be 4 6.9 10 × MPa, µ is the Poisson ratio equal to 0.3, and α is the linear expansion coefficient of ZnO varistor ceramics of about 6 1 4.86 10 K − − × . With large current flowing through ZnO varistors, the localized temperature at grain boundaries can dramatically increase and even exceed the 820ûC melting point of Bi 2 O 3 in the GB [15] . Upon melting, as the barrier in the GB vanishes, the localized GB is assumed to be permanently destroyed and the conductivity switched over to an Ohmic, (highly resistive) characteristic given as:
III. RESULTS AND DISCUSSION Figure 3 shows a snapshot at 0.86 ms for simulations with a uniform barrier voltages (i.e., V B = 3.2 V and standard
. The internal profile of grain boundaries, including those at the "melting hot spots" are shown. The localized melting and transition into a more resistive state, changes the current distribution and forces the conductive flow around the hot spot. Subsequently, neighboring regions around the initiating zone begin to get hot leading to a progression of internal hot spots. The maximum thermal stress and temperature within the ZnO sample (not at any particular fixed point) were also evaluated at the various times. Fig. 6 shows the maximum time-dependent stress. The thresholds for compressive and tensile strengths of ZnO ceramics are usually taken to be 482.6 MPa and 137.9 MPa, respectively [17] . When the thermal stresses exceed this strength, the varistor ceramic will crack. In Fig. 6 , comparisons are also made between the uniform (σ=0 V) and Gaussian (σ=0.4 V) cases. Here, a sharp rise beyond 0.8 ms for the 180 V, 1 ms voltage pulse is predicted. However, the maximum stress is calculated to remain below the 137.9 MPa threshold. The curve of Fig. 8 correlates well with the maximum temperature within the sample. The maximum temperature variation with time is shown in Fig. 7 . At times exceeding ~0.7 ms, the temperature begins to increase dramatically. A 0.8475 ms snapshot of the temperature distribution for the non-uniform V B case is shown in Fig. 8 . At this time, five of the GBs had temperatures above the melting point. The profile is qualitatively similar, though quantitatively different, to that of Fig. 5 . 
IV. Concluding Summary
A self-consistent, time-dependent, two-dimensional models based on random Voronoi networks have been developed to study the internal heating and related thermal effects in ZnO varistors in response to high-voltage pulses. The theory will hold for all nano-crystalline materials with internal grain boundries. In particular, the possibility of internal melting and thermal stressing was probed. Our simulation scheme allows for the dynamic predictions of internal failure and to track the progression of hot-spots and thermal stresses in samples. Our results show that application of high voltage pulses can lead to internal melting of the ZnO varistor. Such phase change is known to permanently damage the non-linear GB chracter associated with the Bi 2 O 3 present in such material. The simulations indicate an accelerated progression towards failure. Simulations also predicted that reductions in grain size would help lower the maximum internal stress. This is thus a desirable feature, and would also work to enhance the hold-off voltage for a given sample size.
